Based on the Galerkin's method, a numerical method is developed to analysis the cutoff frequencies of guided modes of optical waveguides with arbitrary refractive index profile. Solutions are presented in the quasi-vector regime. Optical waveguide structures with single core of arbitrary shape are considered in this paper. The calculated results are compared favorably with exact vector solution and circular-harmonic expansion method.
INTRODUCTION
For a complete study of guiding properties of optical waveguides, not only propagation constants and modal fields but also cutoff frequencies are needed. This is especially important for designing single mode devices. While the full-vector modal field solutions are most informative, the calculation is known to be tedious.' It is found more promising to use the quasi-vector solutions which including polarization correction and is essential for designing polarized waveguides.2
In this paper, a numerical method is proposed to calculate the quasi-vector modal solutions of optical waveguide with arbitrary refractive index profile. While this paper is concentrated in the calculation of cutoff frequencies, the method developed here can calculate propagation constants and modal fields as well. The numerical method used is the Galerkin's method which transform the quasi-vector wave equation into an eigenvalue problem. The problem is readily solved using LAPACK subroutines.3 Eigenvalues of the problem are cutoff frequencies of guided modes which can be used to determine the single mode operating region of an optical waveguide.
The use of Galerkin's method in solving the scalar wave equation for an optical waveguides with arbitrary refractive index profiles was first proposed by Henry and Verbeek.4 Same method was used by Marcuse5 in solving the full-vector wave equation. A mapping scheme was employed by Hewlett and Ladouceur6 to eliminate the need of enclosing waveguide structures within a rectangle whose size affect the accuracy of calculations near modal cutoff.
Alternately, that elimination can be done by using Hermite-Gauss functions2 instead of sine functions4 as basis functions. However, such elimination is only valid for waveguides with homogeneous cladding. For inhomogeneous cladding waveguides like rib waveguides, the cladding have to be truncated if Hermite-Gauss basis functions are used. On the other hand, no truncation of cladding is needed if sine basis functions are used in a mapped infinite domains.6
While the mapping scheme was first developed for the modal cutoff calculations of optical waveguides in the scalar regime,6 it is employed in this paper to found the cutoff frequencies of quasi-vector modes of optical waveguide structures. In the next section, we will derive the quasi-vector wave equation and establish the details of solving this equation using the Galerkin's method. In Section 3, we compare numerical results of present method with those of other authors. The summary section anticipates the range of potential applications of present method. 2. MATHEMATICAL FORMULATION 2.1. Quasi-vector wave equation
Maxwell's equations are employed to calculate the spatial variation of electric field E(x, y, z) and magnetic field H(x, y, z) of an optical waveguide. The dielectric constant e(x, y, z) of a waveguide is related to its refractive index n(x, y, z) by e = n2o, where o is the free space electric permittivity. The magnetic permeability is taken to have its free space value = iso) everywhere. The field vectors are taken to depend on time through the implicit factor exp (-iwt). Under these conditions and regions are free of charges and current, Maxwell's equations are written as (2) where k = 2ir/A is the free space wavenumber and A is the wavelength of light in free space. If we eliminate the magnetic field from (1) and (2) by V x (1) and substitute V x H from (2) into, we obtain the vector wave equation (V2 + k2n2)E = -V(E.Vlnrt2) (3) by using two vector identities Vx(VxE) = V(V.E) -V2E (4) and V.(n2E) = n2V'E + EVn2 = 0 .
(5)
The V2 in (3) is a vector operator. However, if the field vectors have components referred to fixed cartesian directions x, y and z as indicated in Fig. 1(a) , the vector operator V2 is replaced by the scalar Laplacian V2. Moreover, if an optical waveguide with refractive index profile that does not change with distance z along the waveguide, i.e. n = n(x, y). The electric field of the waveguide can be written in separable form as E(x, y, z) = e(x, y) exp(i/3z) (6) where j3 is the propagation constant. Thus if we set e=ek+e2+e (7) in (6) where , and are unit vector parallel to the axes in Fig. 1 (a) and using V2=V2=+-_32, (8) 
If the coupling terms in (9) and (10) are neglected, we have
0 (12) These are in fact the scalar wave equation with polarization correction which are referred here as the quasi-TE wave equation and the quasi-TM wave equation.
Galerkin's method
The quasi-TE wave equation (11) will be solved below using the Galerkin's method. Since the formulation of the quasi-vector wave equation (11) and (12) are the same, the procedures developed here are applicable for solving the quasi-TM wave equation (12).
To eliminate the need of enclosing optical waveguide structures within a rectangle,4'5 the whole x-y plane is mapped onto a unit square in u-v space as shown in Fig. 1 using the transformation functions6:
where a and o7,, are scaling parameters in the x and y directions respectively. The same change of variables is applied to the quasi-TE wave equation (11) and in the u-v space it is written as
(du\ a / Olnri\ du alnn +(kn -f3)e+2--) (15) where e = e(u, v), n = n(u, v). The unknown electric field component e is expanded as e = Nfl a(u,v) = (16) where the inde i and spatial frequencies m2 and n are related to each other through integer quotient function div and remainder on division function mod as follow:
The expansion functions / (u, v) are chosen as the complete set of orthonormal sine basis functions as (u,v) = 2sin(m2iru)sin(n2irv) .
(19)
The field expansion (16) is substituted into (15), it is then multiplied by v) and integrated over the unit square shown in Fig. 1 
The core and cladding refractive index, n and ni, and normalization parameter p are selected base on the refractive index profile of an optical waveguide structure. Moreover, Pj,i = p2(15 + 16) (28) correspond to the polarization correction. The six integrals I to 16 in (23) and (28) are defined in the Appendix as (31) to (36) and can be evaluated analytically in terms of sum of trigonometric functions if the refractive index profile n(x, y) is approximated by rectangles of uniform refractive index.
Modal propagation constants
The double summation series in (20) can be written as a matrix eigenvalue equation, M a =W2 a, by defining a vector a consisting of the elements a and a matrix M composed of the elements S3,2 + Pj, .LAPACK subroutines are used to solve this equation,3 the propagation constants of the bound modes of an optical waveguide are calculated from the real, positive eigenvalues W2 and the corresponding modal field is calculated via the Fourier coefficients of associated eigenvectors a.
Modal cutoff frequencies
For a given optical waveguide structure, its guided mode will become cutoff when the operating wavelength is longer than its cutoff wavelength ). A cutoff value V0 is also defined as the waveguide parameter V at modal cutoff. Step-index circular core optical fibers are considered in this section. Figure 2 depicts its structure. The cutoff values vco = k0p(n0 -i)112, k0 = 2ir/A0, of the first higher quasi-TE E21 mode for different core refractive index is given in Table 1 . Notice that the guided mode of an optical waveguide is denoted by the Emn mode (m, n are both positive integers with m -1 and n -1 field zeros in the x and y directions, respectively.
From the table, V0 is converging as the number of spatial frequencies N are increased. By comparing with the exact vector solution,7 the first zero of J0-Bessel function of first kind of order zero, i.e. V0 2.4048, we found that the accuracy of present method is decrease as the core refractive index is increased. This is expected as the neglecting of minor field e (in quasi-TE case) is only valid for small difference in refractive index between core and cladding.1 Nevertheless, percentage error of cutoff values are less than 1% for practical optical fibers with difference (< 5%) in refractive index between core and cladding.
Elliptical core optical fiber
The next waveguide structure to be considered is an elliptical core optical fiber. Its structure is shown in Fig. 3 . Table 2 gives the modified cutoff values V for different core refractive index n0 and core aspect ratio a/b. V is defined as
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Both quasi-vector solutions (TE and TM) are given together with full-vector numerical results using circular-harmonic expansion method by Su.8 Among the quasi-TE modes, the larger the riCO, the larger the difference of V between present method and full-vector solutions. The explanation for those results have been given in the last section. On the other hand, the larger the aspect ratio a/b, the better the agreement of V between present quasi-vector solutions and full-vector solutions by Su.8 This can be explained by the fact that the minor field (e in quasi-TE mode) is getting smaller as the aspect ratio is increased. In other words, the assumption of minor field equals zero in quasi-vector solution is more convincing for optical waveguide with an elongated or slab like cross section.1 Similar features of the calculated results are seen for the quasi-TM modes.
Rectangular core optical waveguide
The last structure to be considered is optical waveguide with a rectangular core. Its structure is show in Fig. 4 . Same as in the last section for elliptical core, the modified cutoff values V for different core refractive index n0 and core aspect ratio a/b are given in Table 3 . The calculated results carry the same trend as those in elliptical core. However, the agreement of present method with full-vector solution by Su8 is more profound as the aspect ratio is increased when compared with results for elliptical core in last section. This is expected as rectangular cores have a more slab like cross section.
CONCLUSION
A numerical method for solving the problem of finding the cutoff frequencies of guided quasi-vector modes of optical waveguide with arbitrary refractive index is described. The problem was solved using the Galerkin's method in a mapped infinite domains, the mode field is expanded into a two dimensional Fourier sine series and resulting in a matrix eigenvalue equation which is solved using the LAPACK subroutines.
The accuracy of present method is compared with the circular-harmonic expansion method for elliptical core optical fibers and rectangular core optical waveguides. Moreover, solutions for step-index circular core optical fibers are compared with the exact vector solution. Results shown that the present quasi-vector solutions provide a good approximation of the full-vector solution.
The assumption used in cutoff frequencies calculation for quasi-vector modes i.e. e >> e in quasi-TE mode and e >> e in quasi-TM mode, is accurate for two classes of waveguides. First, optical waveguides with arbitrary core shape and small difference in refractive index between core and cladding. Second, arbitrary refractive index profile waveguides with an elongated or slab like cross section.
Finally, the proposed method is easy to implement but extremely useful in analyzing optical waveguides with arbitrary refractive index profile. 
In (35) and (36), sine related functions s(2u) = sin(2u), s2(u) = sin(miru), s2(v) = sin(n2rrv), etc. For cosine related functions, they are abbreviated by the symbol c.
